Differential temporal expression of S100Î² in developing rat brain by Nisha Patro et al.
ORIGINAL RESEARCH
published: 18 March 2015
doi: 10.3389/fncel.2015.00087
Differential temporal expression of
S100β in developing rat brain
Nisha Patro 1, Aijaz Naik 1,2 and Ishan K. Patro 1,2*
1 School of Studies in Neuroscience, Jiwaji University, Gwalior, India, 2 School of Studies in Zoology, Jiwaji University,
Gwalior, India
Edited by:
Tycho M. Hoogland,
Netherlands Institute
for Neuroscience, Netherlands
Reviewed by:
Andrew MacLean,
Tulane University School of Medicine,
USA
Xin Wang,
Stanford University and Howard
Hughes Medical Institute, USA
*Correspondence:
Ishan K. Patro,
School of Studies in Neuroscience,
Jiwaji University, Gwalior 474011,
Madhya Pradesh, India
Tel: +91 751 2442789
ishanpatro@gmail.com
Received: 28 November 2014
Accepted: 24 February 2015
Published: 18 March 2015
Citation:
Patro N, Naik A and Patro IK (2015)
Differential temporal expression
of S100β in developing rat brain.
Front. Cell. Neurosci. 9:87.
doi: 10.3389/fncel.2015.00087
Radial glial cells (RGs) originally considered to provide scaffold to the radially migrating
neurons constitute a heterogeneous population of the regionally variable precursor cells
that generate both neurons as well as glia depending upon the location and the timing of
development. Hence specific immunohistochemical markers are required to specify their
spatiotemporal location and fate in the neurogenic and gliogenic zones. We hypothesize
S100β as a potential and unified marker for both primary and secondary progenitors.
To achieve this, cryocut sections from rat brains of varied embryonic and postnatal ages
were immunolabeled with a combination of antibodies, i.e., S100β + Nestin, Nestin +
GFAP and S100β + GFAP. A large population of the primary and secondary progenitors,
lining the VZ and SVZ, simultaneously co-expressed S100β and nestin establishing their
progenitor nature. A downregulation of both S100β and nestin noticed by the end of the
1st postnatal week marks their differentiation towards neuronal or glial lineage. In view
of the absence of co-expression of GFAP (glial fibrillary acidic protein) either with S100β
or nestin, the suitability of accepting GFAP as an early marker of RG’s was eliminated.
Thus the dynamic expression of S100β in both the neural stem cells (NSCs) and RGs
during embryonic and early neonatal life is associated with its proliferative potential and
migration of undifferentiated neuroblasts and astrocytes. Once they lose their potential
for proliferation, the S100β expression is repressed with its reemergence in mature
astrocytes. This study provides the first clear evidence of S100β expression throughout
the period of neurogenesis and early gliogenesis, suggesting its suitability as a radial
progenitor cell marker.
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Introduction
Radial glia are the primary progenitor cells during early embryonic neurogenesis with a capacity
to generate all types of neurons and glia (Noctor et al., 2001, 2002; Tamamaki et al., 2001; Rowitch
and Kriegstein, 2010). Similar to the neuroepithelial cells from which they are derived the radial
glia progenitors (RGP), also line the ventricular zone (VZ), maintain an apico-basal polarity,
extend processes radially from the VZ to the pial surface, exhibit interkinetic nuclear migration
and divide asymmetrically to self-renew and either to generate a post-mitotic neuron/glia
or intermediate progenitor cell (IPC; Tamamaki et al., 2001; Malatesta et al., 2003; Anthony
et al., 2004; Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004, 2008; Götz and
Huttner, 2005). The radial glia are now considered to be a dynamic, multifaceted cell type
that persists and changes its role in response to signals from the surroundings throughout the
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organism’s life (Sild and Ruthazer, 2011). In addition to the VZ,
the embryonic sub ventricular zone (SVZ) having cells derived
from RG is also considered as a major site for neurogenesis
(Noctor et al., 2001, 2004, 2008; Tarabykin et al., 2001; Smart
et al., 2002; Nieto et al., 2004; Zimmer et al., 2004; Pontious et al.,
2008; Kriegstein and Alvarez-Buylla, 2009). Earlier the SVZ was
considered to be a site of gliogenesis only (Altman and Bayer,
1990; Takahashi et al., 1995). Subsequent imaging studies on the
divisions of precursor cells within the SVZ have demonstrated
their neurogenic potential (Miyata et al., 2004; Noctor et al.,
2004).
Radial glia were so named as they present many glial
properties including expression of glial markers like glial
fibrillary acidic protein (GFAP) and astrocyte specific glutamate
transporter (GLAST; Levitt and Rakic, 1980; Campbell and
Götz, 2002). Hence RGs are considered to be the astrocyte
precursors performing astrocyte like functions and subsequently
transforming into astrocytes (Cajal, 1909; Schmechel and Rakic,
1979; Voigt, 1989; Tramontin et al., 2003). Embryonic neural
stem cell (NSC) properties of these cells were subsequently
demonstrated based on Cre-recombinase gene expression in a
Cre/loxP fate mapping using the radial glia specific brain lipid
binding protein (BLBP) promoter to drive the expression of Cre
and the labeling of a large number of neurons in all brain regions
(Anthony et al., 2004).
Nestin, a class VI intermediate filament protein is expressed
in the majority of mitotically active CNS and PNS progenitors
that give rise to both neurons and glia (Lendahl and McKay,
1990; Mujtaba et al., 1998; Michalczyk and Ziman, 2005) and
is downregulated in cells upon differentiation (Zimmerman
et al., 1994; Lothian and Lendahl, 1997; Sahlgren et al., 2001).
Thus nestin is used as a widely accepted marker of NSCs
having self-renewal ability (Lendahl and McKay, 1990). RG cells
now considered to be potential precursor cells also express
nestin (Parnavelas and Nadarajah, 2001). However, there are
reports in the literature indicating the re-expression of nestin
during various regenerative and degenerative conditions in fully
differentiated cells (Geloso et al., 2004; Corvino et al., 2005).
In rodents, phenotypes of the primary RG cells can be
recognized by immunoreactivity to radial glial cell marker 1
(RC1; Edwards et al., 1990), radial glial cell marker 2 (RC2;
Misson et al., 1988a), Vimentin (Schnitzer et al., 1981; Pérez-
Álvarez et al., 2008), GLAST (Shibata et al., 1997), Rat 401
(Colombo and Napp, 1996), Ran-2 (Bartlett et al., 1981), BLBP
(Feng et al., 1994), etc. However, the neuroepithelial cells do
not express many of these markers. RG cells are GFAP−ve in
rodents till the completion of corticogenesis and the vimentin is
substituted to GFAP during emergence of secondary phenotype
(Bovolenta et al., 1984; Misson et al., 1988a,b; Cameron and
Rakic, 1991). The GFAP immunoreactivity in RG’s in rodents
can be observed only after birth (Rakic, 2003). In both human
and monkey cerebral cortex the RG cells have been reported
to transform into fibrillary astrocytes and/or protoplasmic
astrocytes (Rakic, 1978, 1995; Schmechel and Rakic, 1979; Levitt
and Rakic, 1980; Rickmann et al., 1987; Voigt, 1989). The time
of disappearance of RG cells in the neocortex, hippocampus
and cerebellum correlates well with the appearance of astrocytes
in these brain areas (Rakic, 1971, 1972; Schmechel and Rakic,
1979; Eckenhoff and Rakic, 1984). This coincides with the
downregulation of RC1, RC2 and Rat-401 antigens, which are
never re-expressed in adult brain (Misson et al., 1988a,b; Evrard
et al., 1990) and a concomitant and gradual appearance of GFAP
expression (Culican et al., 1990; Misson et al., 1991).
In addition S100β is also commonly used as a marker of
Bergmann glia in the cerebellum of adult rodents (Landry et al.,
1989; Patro et al., 2009). However, Vives et al. (2003) reported
that the S100β gene was activated during histogenesis of the
cerebellum between E13.5 to P3. They also noted the presence of
a large population of S100β expressing cells and assumed them
to be immature Bergmann glial cells. Subsequently, Hachem
et al. (2007) marked the activation of S100β gene in radial glial
precursors as a feature of Bergmann cell gliogenesis. In view
of this and the role of S100β in the regulation of proliferation,
differentiation and phenotyping of neurons (Donato, 2001, 2003;
Santamaria-Kisiel et al., 2006; Donato et al., 2009, 2013) it was
worthwhile to investigate if S100β could be a marker for radial
glial progenitors or the neural progenitors as a whole in the
developing brain which are actively proliferating.
The present study hypothesizes S100β as a specific and
unified marker for both the neuroepithelial (primary progenitor
cells) and RG cells in the ventricular and subventricular zone
throughout the period of embryonic and early neonatal life. The
results also indicate possible role of S100β in maintaining the
proliferative potential of these cells. The protein is repressed
during second week of postnatal life and reappears and is
expressed in the mature astrocytes.
Material and Methods
Tissue Preparation for Immunohistochemical
Studies
Naive Sprague Dawley female rats (200--225 g, 3 month old)
were housed in our animal house facility under standard
laboratory conditions, viz., a standard light/dark cycle of 12 h
(7 am--7 pm), room temperature of 23 ± 2◦C and ad libitum
access to pellet food and water. Timed pregnancies were set
and confirmed in the dams by a 4 h pairing with breeder
males followed by vaginal smear examination. For harvesting
the embryos of varied embryonic age, viz., E11, 14, 16 and
18, timed pregnant females were sacrificed on the respective
days and embryos were removed. For E11, the whole embryo
was processed while for E14, 16 or 18 days (n = 3) the brains
were micro-dissected from the embryos with sterilized and
atraumatic instruments and fixed in 2% phosphate buffered
paraformaldehyde (PFA; pH 7.4), cryoprotected in phosphate
buffered sucrose gradients (10%, 20%, 30%) and sagittal sections
were cut.
For postnatal brain tissue harvesting timed pregnant dams
were observed carefully every 2 h on the expected days of delivery
tomark the day of birth as postnatal day 0 (P0). Pups were housed
with their mothers in individual cages until weaning at P21. On
various postnatal study time-points (P2, 5, 12, 15, 21 and 30;
n = 3), the pups were deeply anesthetized and perfusion-fixed,
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transcardially with ice-cold saline followed by 2% PFA in
0.1 M PBS (pH 7.4). The brains were dissected out, post-
fixed overnight with 2% PFA and subsequently cryoprotected
with sucrose gradients (10%, 20%, 30%) prepared in 0.1 M
PBS, pH 7.4.
Sections of 15 µm thickness were cut with the help
of Leica Cryotome (CM1900; Germany) and collected on
chromalum gelatin coated slides. For embryonic brains the
sections were cut sagittally while for postnatal brains the
coronal sections were cut through the occipito-temporal region.
The sections were then stored at −20◦C to be used for
immunohistochemical studies. All the experiments were pre-
approved by the Institutional Animal Ethics Committee and
performed as per the strict instructions and guidelines of
CPCSEA (Committee for the purpose of control and supervision
on experiments on animals). All efforts were made to minimize
the sufferings caused to the animals and to reduce the number of
animals used.
Immunohistochemistry and Fluorescence
Microscopy
Nestin + S100β Co-Labeling
Nestin and S100β dual labeling was done to emphasize the
stem cell nature of the RG and to further examine if they do
express S100β as well. This was achieved by employing the
sequential staining protocol for dual immunolabeling. Brain
sections containing either VZ or SVZ and subgranular zone
(SGZ) were carefully selected randomly from amongst the
pooled sections (of each age group) from all the embryos/pups
of various age groups, viz., E11, E14, E16, E18 P0, P2,
P5, P12, P21 and P30 and air-dried at room temperature.
After drying, the sections were washed thrice (5 min each)
with phosphate buffered saline (0.1 M; pH 7.4) to remove
cryomount. The sections were then incubated with 0.5% triton
X-100 (Sigma) in PBS for 20 min to ensure membrane
permeabilization. This was followed by washings of 5 min
each with PBST (PBS containing 0.1% Tween-20). Incubating
sections in 10% normal goat serum in PBS blocked non-
specific proteins for 90 min at room temperature. The sections
were first incubated with Mouse anti-Nestin (Chemicon; MAB
353) at a titer of 1:100, diluted with 5% BSA in PBST
at 4◦C overnight. Next day the sections were washed with
3 changes of PBST (5 min each) and further incubated
with anti-mouse FITC conjugated secondary antibody (Sigma)
for nestin detection. For completely eluting the primary and
secondary antibodies from the first staining, the sections
were rigorously washed in PBS (5 × 10 min) and incubated
with 10% normal goat serum in PBS for 2 h at room
temperature. Subsequently the sections were incubated with
second primary antibody, Mouse monoclonal anti- S100β
(Sigma, 1:500; S 2532), overnight at 4◦C and then detected
with anti-mouse TRITC conjugated (Sigma) secondary antibody.
All antibody dilutions were made in 5% Bovine Serum
Albumin (BSA) in PBST. The sections were then washed
with PBS (5 × 10 min) and mounted in an aqueous
mounting medium from Vector Laboratories, Vectashield
Hardset with DAPI.
Nestin + GFAP and GFAP + S100β Co-Labeling
Simultaneous staining protocol was opted by using unlabelled
primary antibodies from different host species. The sections
after membrane permeabilization and protein blocking were
incubated with cocktail of Mouse anti-Nestin (Chemicon) and
Rabbit anti-GFAP (Dako, 1:1000; Z 0334) or Rabbit anti-
GFAP and Mouse S100β antibodies for overnight at 4◦C.
Antigen detection was done, by incubating in an appropriate
fluorochrome conjugated secondary antibody mixture, viz., anti-
mouse FITC and anti-rabbit TRITC for Nestin + GFAP and
anti-Rabbit FITC and anti-Mouse TRITC for GFAP + S100β.
Anti-GFAP antibody was used at a concentration of 1:1000
diluted in 5% BSA in PBST.
In order to avoid any unexpected inter-species cross-
reactivity, all the secondary antibodies raised in the same host,
were used. All antibody dilutions were made in 5% BSA in
PBST. Finally the sections after thorough washing in PBS
were mounted in aqueous mounting medium from Vector
Laboratories, Vectashield Hardset with DAPI. Some sections
were used as negative controls by omitting the primary antibody.
No specific staining was observed in these sections. To maintain
comparability in developmental profiling of the various markers
used, all the tissues were processed and stained in parallel. Prior
to co-localization by sequential or simultaneous methods, the
antibodies were also tried individually in the same brain sections
and similar results were obtained by either of the procedures.
The images were acquired in a manner blinded to the
investigator(s) with the help of Leica DM 6000 Fluorescence
microscope using appropriate filters and LAS AF (Leica
Application suite Advanced Fluorescence) imaging software.
Identical conditions were applied for microscopy and image
processing.
Results
S100β as a Radial Progenitor Cell Marker
To visualize the radial glial progenitor cells in the developing
rat brain during the embryonic and postnatal life, we used a
monoclonal antibody against nestin, a well-established marker
known to label both the NSCs/neuroepithelial cells and radial
glial progenitor cells (Lendahl and McKay, 1990; Parnavelas
and Nadarajah, 2001). The antibody labeled both the primary
progenitor/neuroepithelial stem cells and radial glia/secondary
progenitor cells lining the VZ at early embryonic age (E11 and
E14; Figures 1A,B,E,F respectively) and subventricular zone
(SVZ) during late embryonic and early neonatal life. By E16,most
of the nestin labeled radial glial fibers were confined to the SVZ
(Figures 1I,J).
While S100β has been well reported to have a role in
proliferation and differentiation and a marker of mature
astrocytes, Haubensak et al. (2004) reported it’s expression in
primary radial glial scaffolds involved in Purkinje progenitor exit
from the VZ. They correlated S100β expression in RGs of the
cerebellar VZ, with the onset of gliogenesis.
This observation incited us to use S100β as a radial glial
marker. Interestingly when we did dual immunofluorescence
labeling with nestin and S100β, the merged images clearly
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FIGURE 1 | S100β labels both primary and secondary progenitors
at VZ and SVZ during early embryonic life. Sagittal sections
through the developing forebrain were co-immunostained with
antibodies against Nestin (green) and S100β (red). All the progenitors
lining VZ and SVZ were strongly positive for Nestin (B,F,J) and S100β
(C,G,K). A strong co-localization of both the markers was detected at
VZ (D,H) and SVZ (L) zones. DAPI (blue) clearly indicated the brain
areas focused (A,E,I).
depicted that all the nestin labeled cells in the VZ of E11 and
E14 brains were S100β+ve as well. This was true for both the
primary progenitors/neuroepithelial cells as well as the secondary
progenitors/radial glial cells. Similar to nestin immunoreactivity,
radial glial cells with their glial scaffold extending fromVZ to pial
surface were well labeled with S100β (Figures 1C,G). Both the
nestin and S100β expression coincided perfectly in the overlay
images (Figures 1D,H).
Around birth (P0), the nestin labeled radial fibers were
radically reduced in number and the nestin+ progenitors
having radial morphology were seen mainly lining the SVZ
and SGZ (sub granular zone) only (Figures 2A,B,E,F). By
the end of the second postnatal week the nestin+ progenitor
cells disappeared gradually indicating their differentiation into
specific cell types in the mature hippocampus. In addition,
the S100β also labeled the radial glial progenitors of the
SVZ in E16 embryonic brains (Figure 1K) and well matched
the expression of nestin in merged images (Figures 1, 2).
Similarly in the early neonatal brains also, all the nestin
labeled progenitors were S100β+ as well (Figures 2C,D,G,H),
clearly indicating that S100β similar to nestin also act as a
marker for stem cells or progenitors having multiple phenotypes.
The nestin+ stem astrocytes at P2 forming glial tubes co-
expressed S100β (Figures 2I--L), indicating their stem cell
nature. However, at weaning age, i.e., P21 the S100β was
expressed in mature astrocytes with no nestin positivity
(Figures 2M--P).
Nestin + GFAP
Adult NSCs express GFAP and nestin both along with other
astrocytic features and are thus named as stem astrocytes (Seri
et al., 2004; Steiner et al., 2006). Nestin + GFAP colabeling in the
developing brain would help us to know the status of the neural
progenitors and differentiate them from the adult stem cells.
Surprisingly, throughout the embryonic life (E11--E18),
none of the nestin+ progenitors and radial glia co-expressed
GFAP (Figures 3A--D), although GFAP expression was first
localized at E16 in the hippocampal niche close to SVZ
(Figure 5F). Following this there was a gradual increase in
the GFAP+ astrocyte population in brain areas in the vicinity
of SVZ. But one of these GFAP expressing astrocytes co-
expressed nestin. Even at P0 the radial glia of the SVZ
(Figures 3E,F) and the bipolar progenitors lining the sub
granular zone (SGZ) were nestin+ only (Figures 3I,J) and
did not express GFAP at all (Figures 3G,H,K,L). Only at
P2, adult SVZ astrocytes forming the glial tubes in the
neocortical SVZ (Figure 4A), were expressing both the nestin
and GFAP (Figures 4B,C), thus, displaying the features of the
radial/stem astrocytes. The expression of GFAP coincided with
that of nestin in most of these stem astrocytes in merged
images (Figure 4D). Such radial astrocytes forming glial tubes
depicted the chain migration of stem astrocytes, tangentially
along the corpus callosum and neocortex. Subsequently by
P5 some of the progenitors lining the SVZ and SGZ co-
expressed both nestin and GFAP, while others were either
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FIGURE 2 | S100β labels the progenitors both at SVZ and SGZ
around birth and is re-expressed in mature astrocytes. Dual
immunofluorescence labeling with Nestin (green; B,F,J,N) and S100β
(red; C,G,K,O). The expression of both the markers coincided
completely in the radial fibers and progenitors at SVZ (D) and SGZ
(H) around birth. At P2 the stem astrocytes forming glial tubes (arrows)
were labeled for both Nestin and S100β (L). Mature astrocytes loose
Nestin and express S100β only (O). In merged image at P30 (P) no
S100β labeled astrocytes co-expressed Nestin. DAPI (blue) clearly
indicated the brain areas focused (A,E,I,M).
nestin or GFAP+ve only (Figures 4E--L). By 2nd and 3rd
week the number of nestin+ progenitors (Figure 4N) decreased
gradually with a simultaneous increase in the GFAP+ and
morphologically mature astrocytes (Figure 4O). By P21 the
astrocytes expressing both nestin and GFAPwere very occasional
(Figures 4M--P).
S100β + GFAP
The dual immunolabeling with S100β and GFAP facilitated to
investigate the association of S100β with astrocytes. The results
revealed that S100β gets associated with astrocytes only during
2nd postnatal week. While throughout the embryonic life, S100β
was expressed only by the progenitor cells and radial glia lining
the VZ and SVZ and did not co-expressed GFAP (Figures 5A--
H). Although GFAP expression was first seen at E16 (Figure 5F),
there was no co-localization with S100β (Figure 5H). Even
at birth, the S100β expression was very much specific and
confined only to the SVZ and not associated with differentiated
astrocytes at all (Figures 5I--L). Subsequently, at P2 and P5
some of the progenitors expressing S100β also expressed GFAP,
similar to the observation made through nestin and S100β co-
labeling (Figures 5M--P, 6A--D). Even stem astrocytes forming
glial tubes, depicting chain migration also co-expressed S100β
and GFAP. With further development, by P12 onwards, the
S100β expression was downregulated both in the SVZ and
SGZ and was recorded in the cell bodies of GFAP labeled
astrocytes in the merged images (Figures 6H,L). The results
finally indicate that the astrocytes express both S100β and GFAP
at maturity with contrasting localization, S100β in the cell
soma and the GFAP in the processes of the mature astrocytes
(Figures 6E--L).
Discussion
The epithelial-columnar RG cells form a massive cell system
that dominates the early embryonic CNS. They have been
accepted for long as mere transitional forms of precursors
of astroglia, expressing many glial markers and performing
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FIGURE 3 | No GFAP expression in the Radial progenitors at SVZ and
SGZ during embryonic life and around birth. Immunofluorescence staining
for DAPI (blue; A,E,I), Nestin (green; B,F,J) and GFAP (red; C,G,K). Merged
images are shown in (D), (H) and (L). Radial glia and progenitors uniformly
express nestin throughout the embryonic and early neonatal life. No GFAP
co-immunostaining with nestin was observed.
special function of guidance in neuronal migration (Webster
and Astrom, 2009). Schematic representation of various cell
types generated along the VZ and SVZ in embryonic and
postnatal life with a comparison of various developmental
milestones in rat and human brain is depicted in Figure 7.
The present study supports the stem cell nature of these
RG cells expressing nestin, a well established neuronal stem
cell marker, throughout the period of CNS development and
disappears when they lose their progenitor nature with time.
In addition to nestin, both primary progenitor/neuroepithelial
stem cells and radial glia/secondary progenitor cells lining
the VZ and SVZ were also expressing S100β. Further, both
nestin and S100β expression coincided perfectly in the merged
images. Thus we propose and demonstrate that S100β can
be used as a progenitor marker because of its expression
all through the proliferative phase of the progenitors. No
other cells at this stage expressed S100β. Once the progenitors
loose the capacity to divide and subsequently differentiate
into mature cells, S100β is down regulated. We have further
noted that the timing of transformation of the radial glia
into the mature astrocytes coincides well with the down-
regulation of S100β and the disappearance of radial glial
fibers. The protein is re-expressed in astrocytes at maturation
during 2nd to 3rd postnatal week in rats. It is thus advocated
that S100β is a potential progenitor cell marker in the
developing nervous system. S100β has been commonly used
as a marker of Bergmann glia and white matter astrocytes in
the cerebellum of adult mice (Landry et al., 1989). Hachem
et al. in 2007 reported its expression in embryonic mouse
cerebellum and SVZ and characterized its transient expression
in radial glial precursors as a feature of Bergmann cell
gliogenesis.
GFAP as RG marker is becoming controversial because of
the non-consistent and regionally variable reports in various
mammals (Dahl et al., 1981; Schnitzer et al., 1981). For long
time the RGs are considered as the precursors of astrocytes
and are believed to transform into GFAP expressing astrocytes
during early postnatal life in all domains of CNS (Cameron
and Rakic, 1991; Marshall et al., 2003; Kriegstein and Alvarez-
Buylla, 2009). However, adult NSCs in the SGZ lining the
dentate gyrus have long radial processes and express both nestin
and GFAP and are called as stem astrocytes, while non-stem
astrocytes express only GFAP (Seri et al., 2004; Steiner et al.,
2006).
During early postnatal life from P2 to P12, the astrocytes
co-expressing nestin and GFAP are seen forming the glial
tubes in the neocortical SVZ and also lining the SGZ,
indicating the stem cell nature of these so called stem
astrocytes. Such Nestin and GFAP co-expressing astrocytes
were completely absent throughout the embryonic life and
also around birth. Additionally, the cells forming the glial
tubes simultaneously expressed S100β and Nestin confirming
their proliferative potential. It is thus possible that the RGs
that populate the SVZ during late embryonic life till birth
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FIGURE 4 | Stem astrocytes forming the glial tubes in neocortical
SVZ and at SGZ co-express Nestin and GFAP. Immunofluorescence
staining for DAPI (blue; A,E,I,M), Nestin (green; B,F,J,N) and GFAP (red;
C,G,K,O). Merged images are shown in (D), (H), (L) and (P). Stem
astrocytes forming the glial tubes in the neocortical SVZ (arrows; D) and
those lining the SGZ and SVZ co-express Nestin and GFAP (H,L).
Mature astrocytes at P21 express only GFAP and no Nestin staining
was detected (P).
are subsequently transformed into stem astrocytes, which then
continue to generate neurons. This notion is supported by
the investigations made by using nestin-GFP mice and has
suggested that the nestin expressing progenitors are converted
from astrocytes to neuronal cells (Filippov et al., 2003; Fukuda
et al., 2003; Kronenberg et al., 2003). Tramontin et al. (2003)
were also of the opinion that the SVZ RGs are abundant
around birth and disappear almost completely during first
2 weeks of postnatal life and replaced by adult SVZ astrocytes
having proliferative potential which forms glial tubes that are
important for chain migration of neuroblasts (Doetsch et al.,
1999; Peretto et al., 2005; Bonfanti and Peretto, 2007). Dahl
et al. (1985) also reported the association of GFAP with RG
during their late stages of differentiation into astrocytes in
rodents.
S100β is a highly soluble protein implicated in the
initiation and maintenance of a pathological, glial-mediated
pro-inflammatory state, and its presence in biological fluids
is a well-established biomarker for severity of neurological
injury and prognosis for recovery (Ralay Ranaivo et al., 2006).
In contrast to the vast literature available indicating S100β
expression in majority of glial cells, i.e., astrocytes, ependymal
cells, oligodendrocytes, microglia and Schwann cells in various
species (Dyck et al., 1993; Rickmann and Wolff, 1995; Adami
et al., 2001; Romero-Alemán Mdel et al., 2003; Vives et al.,
2003; Deloulme et al., 2004), the present study evidence the
specific astrocytic localization on the basis of the observations
made with the dual immunolabeling with GFAP, with S100β
expressed in the cell body and the GFAP in the processes
of the mature astrocytes. Such astrocyte specific localization
has also been mentioned in post-mortem human brains from
Alzheimer’s and Down’s syndrome patients (Boyer et al., 1991;
Wunderlich et al., 1999; Deloulme et al., 2004). Savchenko
et al. (2000) also recommended S100β as one of the most
specific and reliable markers for astrocytes. However, there
are reports mentioning distinct subpopulation of cells with
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FIGURE 5 | S100β labels the progenitors during embryonic and early
neonatal life and differentiated astrocytes at adulthood. Double
immunostaining with GFAP (green; B,F,J,N) and S100β (red; C,G,K,O) reveals
appearance of GFAP at hippocampal niche at E16 (arrows; F) while uniform
S100β staining in the VZ at E11 (C) and SVZ at E16 (G). At P0 a further
increase in GFAP immunostaining indicates an increase in astrocyte population
(J) and S100β expression is confined to the SVZ and hilum regions (K). The
GFAP immunostaining does not coincide with the S100β in the merged images
(D,H,L). However, at P2 some progenitors are labeled with both GFAP and
S100β (arrows; P). DAPI (blue) clearly indicated the brain areas focused (A,E,I).
astrocytic morphology in adult brain, immunopositive for either
S100β or GFAP (Steiner et al., 2007). Our study reveals
no such distinct S100β positive astrocytic population in the
post-weaned rat hippocampus, rather astrocytes expressing
both S100β and GFAP with contrasting localization, S100β
in the cell soma and the GFAP in the processes of the
mature astrocytes. Thus the contrasting localization of S100β
in GFAP expressing astrocytes can be well correlated with
the mature status of the astrocytes, while its co-expression
with nestin could be easily interpreted as the stem/proliferative
potential of the cells. These results find support from the
observations made in the adult mouse brain, where S100β is
not expressed in the bipolar GFAP expressing cells present
in the Sub granular layer (SGL) and SVZ involved in adult
neurogenesis (Filippov et al., 2003; Deloulme et al., 2004;
Garcia et al., 2004). Raponi et al. (2007) also documented
that S100β is a late marker of astrocyte development and
is expressed long after GFAP and characterize a mature
stage. Further by using S100β EGFP transgenic mice, they
also demonstrated that the onset of S100β expression in
astrocytes is associated with the loss of their potential to form
neurospheres. Further Raponi et al. (2007) were of the opinion
that the S100β expression defines a state in which GFAP
expressing cells loose their stem cell potential and acquire a
more mature developmental stage, thus the GFAP and Nestin
co-expressing progenitors have been shown to be negative
for S100β (Filippov et al., 2003). As per Seri et al. (2004)
horizontal but not the radial astrocytes could be stained with
S100β. Most of these studies, vide supra, were carried out
in adult system. Our results in the developing system clearly
contradicts the above findings on the basis of the clear co-
expression of S100β with Nestin in all the nestin+ progenitors
throughout the embryonic and early neonatal life, which
gradually disappears and reappears in the mature astrocytes.
Intracellular S100β acts as a stimulator of cell proliferation
and migration and inhibitor of apoptosis and differentiation
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FIGURE 6 | Dual immunofluorescence staining with GFAP and
S100β reveal the association of S100β with mature astrocytes.
DAPI (blue; A,E,I), GFAP (green; B,G,K) and S100β (red; C,F,J). The
astrocyte population increases further from P5 to P21 as revealed by
GFAP staining (B,G,K). S100β expression was detected in the SVZ at
P5 but was found to be associated with the GFAP+ astrocytes at P15
and P30 in hippocampus. The merged images indicate no incidence of
co-labeling throughout the period of study (D,H,L). In mature astrocytes
the S100β expression was located in the cell soma while GFAP in the
processes (H,L).
FIGURE 7 | Schematic representation of various cell types
generated along the VZ and SVZ in embryonic and postnatal life
with a comparison of various developmental milestones in rat
and human brain. NEPs = Neuroepithelial cells; RGs = Radial glial
cells; SVZ = Subventricular Zone; VZ = Ventricular Zone; wk = Week;
BBB = Blood Brain Barrier.
(Donato et al., 2009). Thus the dynamic expression of S100β
in both the NSCs and RGs during embryonic and early
neonatal life is associated with its proliferative potential and
migration of undifferentiated neuroblasts and astrocytes. Once
the NSCs and RGs loose the potential for proliferation,
the S100β expression is repressed, thus helping the cells in
proliferation.
This study thus provides the first clear evidence of S100β
expression throughout the period of neurogenesis and early
gliogenesis in the developing brain explaining its suitability as a
radial progenitor cell marker.
Acknowledgments
This study was supported by the Department of Biotechnology,
Govt. of India, New Delhi, through a project grant
(BT/PR4001/MED/30/669/2011) under National Initiative
on Glial cell Research on Health and Disease. Facilities
Frontiers in Cellular Neuroscience | www.frontiersin.org 9 March 2015 | Volume 9 | Article 87
Patro et al. S100β in developing rat brain
developed through the DBT-Human Resource Development
and Bioinformatics Infrastructural facility from Department
of Biotechnology grants used in this study are also thankfully
acknowledged.
References
Adami, C., Sorci, G., Blasi, E., Agneletti, A. L., Bistoni, F., and Donato, R.
(2001). S100β expression in and effects on microglia. Glia 33, 131--142. doi: 10.
1002/1098-1136(200102)33:2<131::aid-glia1012>3.3.co;2-4
Altman, J., and Bayer, S. A. (1990). Migration and distribution of two populations
of hippocampal granule cell precursors during the perinatal and postnatal
periods. J. Comp. Neurol. 301, 365--381. doi: 10.1002/cne.903010304
Anthony, T. E., Klein, C., Fishell, G., and Heintz, N. (2004). Radial glia serve as
neuronal progenitors in all regions of the central nervous system. Neuron 41,
881--890. doi: 10.1016/s0896-6273(04)00140-0
Bartlett, P. F., Noble, M. D., Pruss, R. M., Raff, M. C., Rattray, S., and Williams,
C. A. (1981). Rat neural antigen 2 (RAN-2): a cell surface antigen on astrocytes,
ependymal cells, Müller cells and leptomeninges defined by a monoclonal
antibody. Brain Res. 204, 339--351. doi: 10.1016/0006-8993(81)90593-x
Bonfanti, L., and Peretto, P. (2007). Radial glia origin of the adult neural stem
cells in the subventricular zone. Prog. Neurobiol. 83, 24--36. doi: 10.1016/j.
pneurobio.2006.11.002
Bovolenta, P., Liem, R. K., and Mason, C. A. (1984). Development of cerebellar
astroglia: transitions in form and cytoskeletal content. Dev. Biol. 102, 248--259.
doi: 10.1016/0012-1606(84)90189-1
Boyer, S., Montagutelli, X., Gomès, D., Simon-Chazottes, D., Guénet, J. L., and
Dupouey, P. (1991). Recent evolutionary origin of the expression of the glial
fibrillary acidic protein (GFAP) in lens epithelial cells. A molecular and genetic
analysis of various mouse species. Brain Res. Mol. Brain Res. 10, 159--166.
doi: 10.1016/0169-328x(91)90106-8
Cajal, R. Y. S. (1909). Histologie du Système Nerveux de L’homme et des Vertébrés.
(Vol. 1) Paris: A. Maloine (Reprinted from 1952 by Consejo Superior de
Investigaciones Cientificas, Instituto Ramón y Cajal, Madrid).
Cameron, R. S., and Rakic, P. (1991). Glial cell lineage in the cerebral cortex: review
and synthesis. Glia 4, 124--137. doi: 10.1002/glia.440040204
Campbell, K., and Götz, M. (2002). Radial glia: multi-purpose cells for vertebrate
brain development. Trends Neurosci. 25, 235--238. doi: 10.1016/s0166-
2236(02)02156-2
Colombo, J. A., and Napp, M. I. (1996). Ex vivo astroglial-induced radial glia
express in vivo markers. J. Neurosci. Res. 46, 674--677. doi: 10.1002/(sici)1097-
4547(19961215)46:6<674::aid-jnr4>3.0.co;2-c
Corvino, V., Geloso, M. C., Cavallo, V., Guadagni, E., Passalacqua, R.,
Florenzano, F., et al. (2005). Enhanced neurogenesis during trimethyltin-
induced neurodegeneration in the hippocampus of the adult rat. Brain Res.
Bull. 65, 471--477. doi: 10.1016/j.brainresbull.2005.02.031
Culican, S. M., Baumrind, N. L., Yamamoto, M., and Pearlman, A. L. (1990).
Cortical radial glia: identification in tissue culture and evidence for their
transformation to astrocytes. J. Neurosci. 10, 684--692.
Dahl, D., Crosby, C. J., Sethi, J. S., and Bignami, A. (1985). Glial fibrillary acidic
(GFA) protein in vertebrates: immunofluorescence and immunoblotting study
with monoclonal and polyclonal antibodies. J. Comp. Neurol. 239, 75--88.
doi: 10.1002/cne.902390107
Dahl, D., Rueger, D. C., Bignami, A., Weber, K., and Osborn, M. (1981). Vimentin
the 57,000 molecular weight protein of fibroblasts filaments, is the major
cytoskeletal component in immature glia. Eur. J. Cell Biol. 24, 191--196.
Deloulme, J. C., Raponi, E., Gentil, B. J., Bertacchi, N., Marks, A., Labourdette,
G., et al. (2004). Nuclear expression of S100β in oligodendrocyte progenitor
cells correlates with differentiation toward the oligodendroglial lineage and
modulates oligodendrocytes maturation. Mol. Cell. Neurosci. 27, 453--465.
doi: 10.1016/j.mcn.2004.07.008
Doetsch, F., Caillé, I., Lim, D. A., García-Verdugo, J. M., and Alvarez-
Buylla, A. (1999). Subventricular zone astrocytes are neural stem cells in
the adult mammalian brain. Cell 97, 703--716. doi: 10.1016/s0092-8674(00)
80783-7
Donato, R. (2001). S100: a multigenic family of calcium-modulated proteins of
the EF-hand type with intracellular and extracellular functional roles. Int. J.
Biochem. Cell Biol. 33, 637--668. doi: 10.1016/s1357-2725(01)00046-2
Donato, R. (2003). Intracellular and extracellular roles of S100 proteins. Microsc.
Res. Tech. 60, 540--551. doi: 10.1002/jemt.10296
Donato, R., Cannon, B. R., Sorci, G., Riuzzi, F., Hsu, K., Weber, D. J., et al.
(2013). Functions of S100 proteins. Curr. Mol. Med. 13, 24--57. doi: 10.
2174/156652413804486214
Donato, R., Sorci, G., Riuzzi, F., Arcuri, C., Bianchi, R., Brozzi, F., et al. (2009).
S100β’s double life: intracellular regulator and extracellular signal. Biochim.
Biophys. Acta 1793, 1008--1022. doi: 10.1016/j.bbamcr.2008.11.009
Dyck, R. H., Van Eldik, L. J., and Cynader, M. S. (1993). Immunohistochemical
localization of the S-100 beta protein in postnatal cat visual cortex:spatial and
temporal patterns of expression in cortical and subcortical glia. Brain Res. Dev.
Brain Res. 72, 181--192. doi: 10.1016/0165-3806(93)90183-b
Eckenhoff, M. F., and Rakic, P. (1984). Radial organization of the hippocampal
dentate gyrus: a Golgi, ultrastructural and immunocytochemical analysis in
the developing rhesus monkey. J. Comp. Neurol. 223, 1--21. doi: 10.1002/cne.
902230102
Edwards, M. A., Yamamoto, M., and Caniness, V. S. Jr. (1990). Organization of
radial glia and related cells in the developing murine CNS. An analysis based
upon a new monoclonal antibody marker. Neuroscience 36, 121--144. doi: 10.
1016/0306-4522(90)90356-9
Evrard, S. C., Borde, I., Marin, P., Galiana, E., Prémont, J., Gros, F., et al.
(1990). Immortalization of bipotential and plastic glioneuronal precursor
cells. Proc. Natl. Acad. Sci. U S A 87, 3026--3066. doi: 10.1073/pnas.87.
8.3062
Feng, L., Hatten, M. E., and Heintz, N. (1994). Brain lipid-binding protein (BLBP):
a novel signaling system in the developing mammalian CNS. Neuron 12,
895--908. doi: 10.1016/0896-6273(94)90341-7
Filippov, V., Kronenberg, G., Pivneva, T., Reuter, K., Steiner, B., Wang, L. P.,
et al. (2003). Subpopulation of nestin-expressing progenitor cells in the
adult murine hippocampus shows electrophysiological and morphological
characteristics of astrocytes. Mol. Cell. Neurosci. 23, 373--382. doi: 10.
1016/s1044-7431(03)00060-5
Fukuda, S., Kato, F., Tozuka, Y., Yamaguchi, M., Miyamoto, Y., and Hisatsune,
T. (2003). Two distinct subpopulations of nestin positive cells in adult mouse
dentate gyrus. J. Neurosci. 23, 9357--9366.
Garcia, A. D., Doan, N. B., Imura, T., Bush, T. G., and Sofrroniew, M. V.
(2004). GFAP-expressing progenitors are the principal source of constitutive
neurogenesis in adult mouse forebrain. Nat. Neurosci. 7, 1233--1241. doi: 10.
1038/nn1340
Geloso, M. C., Corvino, V., Cavallo, V., Toesca, A., Guadagni, E., Passalacqua,
R., et al. (2004). Expression of astrocytic nestin in the rat hippocampus during
trimethyltin induced neurodegeneration. Neurosci. Lett. 357, 103--106. doi: 10.
1016/j.neulet.2003.11.076
Götz, M., and Huttner, W. B. (2005). The cell biology of neurogenesis. Nat. Rev.
Mole. Cell Biol. 6, 777--788. doi: 10.1038/nrm1739
Hachem, S., Laurenson, A. S., Hugnot, J. P., and Legraverend, C. (2007).
Expression of S100β during embryonic development of the mouse cerebellum.
BMC Dev. Biol. 7:17. doi: 10.1186/1471-213x-7-17
Haubensak, W., Attardo, A., Denk, W., and Huttner, W. B. (2004). Neurons arise
in the basal neuroepithelium of the early mammalian telencephalon: a major
site of neurogenesis. Proc. Natl. Acad. Sci. U S A 101, 3196--3201. doi: 10.
1073/pnas.0308600100
Kriegstein, A., and Alvarez-Buylla, A. (2009). The glial nature of embryonic
and adult neural stem cells. Annu. Rev. Neurosci. 32, 149--184. doi: 10.
1146/annurev.neuro.051508.135600
Kronenberg, G., Reuter, K., Steiner, B., Brandt, M. D., Jessberger, S., Yamaguchi,
M., et al. (2003). Subpopulations of proliferating cells of the adult hippocampus
respond differently to physiologic neurogenic stimuli. J. Comp. Neurol. 467,
455--463. doi: 10.1002/cne.10945
Landry, C. F., Ivy, G. O., Dunn, R. J., Marks, A., and Brown, I. R. (1989). Expression
of the gene encoding the beta subunit of S100 protein in the developing rat
brain analyzed by in situ hybridization. Brain Res. Mol. Brain Res. 6, 251--262.
doi: 10.1016/0169-328x(89)90071-5
Frontiers in Cellular Neuroscience | www.frontiersin.org 10 March 2015 | Volume 9 | Article 87
Patro et al. S100β in developing rat brain
Lendahl, U., and McKay, R. D. G. (1990). The use of cell lines in neurobiology.
Trends Neurosci. 13, 132--137. doi: 10.1016/0166-2236(90)90004-t
Levitt, P., and Rakic, P. (1980). Immunoperoxidase localization of glial
fibrillary acidic protein in radial glial cells and astrocytes of the developing
rhesus monkey brain. J. Comp. Neurol. 193, 815--840. doi: 10.1002/cne.901
930316
Lothian, C., and Lendahl, U. (1997). An evolutionarily conserved region in the
second lntron of the human nestin gene directs gene expression to CNS
progenitor cells and to early neural crest cells. Eur. J. Neurosci. 9, 452--462.
doi: 10.1111/j.1460-9568.1997.tb01622.x
Malatesta, P., Hack, M. A., Hartfuss, E., Kettenmann, H., Klinkert, W., Kirchhoff,
F., et al. (2003). Neuronal or glial progeny: regional differences in radial glia
fate. Neuron 37, 751--764. doi: 10.1016/s0896-6273(03)00116-8
Marshall, C. A., Suzuki, S. O., and Goldman, J. E. (2003). Gliogenic and neurogenic
progenitors of the subventricular zone: who are they, where did they come from
and where are they going? Glia 43, 52--61. doi: 10.1002/glia.10213
Michalczyk, K., and Ziman, M. (2005). Nestin structure and predicted function in
cellular cytoskeletal organization. Histol. Histopathol. 20, 665--671.
Misson, J. P., Edwards, M. A., Yamamoto, M., and Caviness, V. S. Jr. (1988a).
Identification of radial glial cells within the developing murine central nervous
system: studies based upon a new immunohistochemical marker. Brain Res.
Dev. Brain Res. 44, 95--108. doi: 10.1016/0165-3806(88)90121-6
Misson, J. P., Edwards, M. A., Yamamoto, M., and Caviness, V. S. Jr. (1988b).
Mitotic cycling of radial glial cells of the fetal murine cerebral wall: a
combined autoradiographic and immunohistochemical study. Dev. Brain Res.
38, 183--190. doi: 10.1016/0165-3806(88)90043-0
Misson, J. P., Takahashi, T., and Caviness, V. S. (1991). Ontogeny of radial
and other astroglial cells in murine cerebral cortex. Glia 4, 138--148. doi: 10.
1002/glia.440040205
Miyata, T., Kawaguchi, A., Saito, K., Kawano, M., Muto, T., and Ogawa, M.
(2004). Asymmetric production of surface-dividing and non-surface-dividing
cortical progenitor cells. Development 131, 3133--3145. doi: 10.1242/dev.
01173
Mujtaba, T., Mayer-Proschel, M., and Rao, M. S. (1998). A common neural
progenitor for the CNS and PNS. Dev. Biol. 200, 1--15. doi: 10.1006/dbio.
1998.8913
Nieto, M., Monuki, E. S., Tang, H., Imitola, J., Haubst, N., Khoury, S. J., et al.
(2004). Expression of Cux-1 and Cux-2 in the subventricular zone and upper
layers II-IV of the cerebral cortex. J. Comp. Neurol. 479, 168--180. doi: 10.
1002/cne.20322
Noctor, S. C., Flint, A. C., Weissman, T. A., Dammerman, R. S., and Kriegstein,
A. R. (2001). Neurons derived from radial glial cells establish radial units in
neocortex. Nature 409, 714--720. doi: 10.1038/35055553
Noctor, S. C., Flint, A. C., Weissman, T. A., Wong, W. S., Clinton, B. K., and
Kriegstein, A. R. (2002). Dividing precursor cells of the embryonic cortical
ventricular zone have morphological and molecular characteristics of radial
glia. J. Neurosci. 22, 3161--3173.
Noctor, S. C., Martínez-Cerdeño, V., Ivic, L., and Kriegstein, A. R. (2004). Cortical
neurons arise in symmetric and asymmetric division zones and migrate
through specific phases. Nat. Neurosci. 7, 136--144. doi: 10.1038/nn1172
Noctor, S. C., Martínez-Cerdeño, V., and Kriegstein, A. R. (2008). Distinct
behaviors of neural stem and progenitor cells underlie cortical neurogenesis.
J. Comp. Neurol. 508, 28--44. doi: 10.1002/cne.21669
Parnavelas, J. G., and Nadarajah, B. (2001). Radial glial cells: are they really glia.
Neuron 31, 881--884. doi: 10.1016/s0896-6273(01)00437-8
Patro, N., Shrivastava, M., Tripathi, S., and Patro, I. K. (2009). S100β upregulation:
a possible mechanism of deltamethrin toxicity andmotor coordination deficits.
Neurotoxicol. Teratol. 31, 169--176. doi: 10.1016/j.ntt.2008.12.001
Peretto, P., Giachino, C., Aimar, P., Fasolo, A., and Bonfanti, L. (2005). Chain
formation and glial tube assembly in the shift from neonatal to adult
subventricular zone of the rodent forebrain. J. Comp. Neurol. 487, 407--427.
doi: 10.1002/cne.20576
Pérez-Álvarez, M. J., Isiegas, C., Santano, C., Salazar, J. J., Ramíre, A. I., Triviño, A.,
et al. (2008). Vimentin isoform expression in the human retina characterized
with the monoclonal antibody 3CB2. J. Neurosci. Res. 86, 1871--1883. doi: 10.
1002/jnr.21623
Pontious, A., Kowalczyk, T., Englund, C., and Hevner, R. F. (2008). Role of
intermediate progenitor cells in cerebral cortex development. Dev. Neurosci.
30, 24--32. doi: 10.1159/000109848
Rakic, P. (1971). Guidance of neurons migrating to the fetal monkey neocortex.
Brain Res. 33, 471--476. doi: 10.1016/0006-8993(71)90119-3
Rakic, P. (1972). Mode of cell migration to the superficial layers of fetal monkey
neocortex. J. Comp. Neurol. 145, 61--83. doi: 10.1002/cne.901450105
Rakic, P. (1978). Neuronal migration and contact guidance in primate
telencephalon. Postgrad. Med. J. 54, 25--40.
Rakic, P. (1995). ‘‘Radial glial cells: scaffolding for brain construction,’’ in
Neuroglia, eds H. Ketterman and B. R. Ransom (New York: Oxford University
Press), 746--762.
Rakic, P. (2003). Developmental and evolutionary adaptations of cortical radial
glia. Cereb. Cortex 13, 541--549. doi: 10.1093/cercor/13.6.541
Ralay Ranaivo, H., Craft, J. M., Hu, W., Guo, L., Wing, L. K., Van Eldik, L. J., et al.
(2006). Glia as a therapeutic target: selective suppression of human amyloid-
beta-induced upregulation of brain proinflammatory cytokine production
attenuates neurodegeneration. J. Neurosci. 26, 662--670. doi: 10.1523/jneurosci.
4652-05.2006
Raponi, E., Agenes, F., Delphin, C., Assard, N., Baudier, J., Legraverend, C., et al.
(2007). S100β expression defines a state in which GFAP -expressing cells lose
their neural stem cell potential and acquire a moremature developmental stage.
Glia 55, 165--177. doi: 10.1002/glia.20445
Rickmann, M., Amaral, D. G., and Cowan, W. M. (1987). Organization of radial
glial cells during the development of the rat dentate gyrus. J. Comp. Neurol. 264,
449--479. doi: 10.1002/cne.902640403
Rickmann, M., and Wolff, J. R. (1995). S100 protein expression in subpopulations
of neurons of rat brain. Neuroscience 67, 977--991. doi: 10.1016/0306-
4522(94)00615-c
Romero-Alemán Mdel, M. M., Monzón-Mayor, M., Yanes, C., Arbelo-Galván,
J. F., Lang, D., Renau-Piqueras, J., et al. (2003). S100 immunoreactive glial cells
in the forebrain and midbrain of the lizard Gallotia galloti during ontogeny. J.
Neurobiol. 57, 54--66. doi: 10.1002/neu.10258
Rowitch, D. H., and Kriegstein, A. R. (2010). Developmental genetics of vertebrate
glial-cell specification. Nature 468, 214--222. doi: 10.1038/nature09611
Sahlgren, C. M., Mikhailov, A., Hellman, J., Chou, Y. H., Lendahl, U., Goldma,
R. D., et al. (2001). Mitotic reorganization of the intermediate filament
protein nestin involves phosphorylation by cdc2 kinase. J. Biol. Chem. 276,
16456--16463. doi: 10.1074/jbc.m009669200
Santamaria-Kisiel, L., Rintala-Dempsey, A., and Shaw, G. S. (2006). Calcium
dependent and independent interactions of the S100 protein family. Biochem.
J. 396, 201--214. doi: 10.1042/bj20060195
Savchenko, V. L., McKanna, J. A., Nikonenko, I. R., and Skibo, G. G.
(2000). Microglia and astrocytes in the adult rat brain: comparative
immunocytochemical analysis demonstrates the efficacy of lipocortin 1
immunoreactivity. Neuroscience 96, 195--203. doi: 10.1016/s0306-4522(99)
00538-2
Schmechel, D. E., and Rakic, P. (1979). A Golgi study of radial glial cells in
developing monkey telencephalon: morphogenesis and transformation into
astrocytes. Anat. Embryo. (Berl) 156, 115--152. doi: 10.1007/bf00300010
Schnitzer, J., Franke, W. W., and Schachner, M. (1981). Immunocytochemical
demonstration of vimentin in astrocytes and ependymal cells of developing
and adult mouse nervous system. J. Cell Biol. 90, 435--447. doi: 10.1083/jcb.90.
2.435
Seri, B., García-Verdigo, J. M., Collado-Morente, L., McEwen, B. S., and Alvarez-
Buylla, A. (2004). Cell types, lineage and architecture of the germinal zone
in the adult dentate gyrus. J. Comp. Neurol. 478, 359--378. doi: 10.1002/cne.
20288
Shibata, T., Yamada, K., Watanabe, M., Ikenaka, K., Wada, K., Tanaka, K., et al.
(1997). Glutamate transporter GLAST is expressed in the radial glia-astrocyte
lineage of developing mouse spinal cord. J. Neurosci. 17, 9212--9219.
Sild, M., and Ruthazer, E. S. (2011). Radial glia: progenitor, pathway and partner.
Neuroscientist 17, 288--302. doi: 10.1177/1073858410385870
Smart, I. H., Dehay, C., Giroud, P., Berland, M., and Kennedy, H. (2002).
Unique morphological features of the proliferative zones and postmitotic
compartments of the neural epithelium giving rise to striate and extrastriate
cortex in the monkey. Cereb. Cortex 12, 37--53. doi: 10.1093/cercor/12.1.37
Steiner, J., Bernstein, H. G., Bielau, H., Berndt, A., Brisch, J., Mawrin, C., et al.
(2007). Evidence for a wide extra-astrocytic distribution of S100β in human.
BMC Neurosci. 8:2. doi: 10.1186/1471-2202-8-2
Steiner, J., Bielau, H., Bernstein, H. G., Bogerts, B., and Wunderlich, M. T.
(2006). Increased cerebrospinal fluid and serum levels of S100β in first-onset
Frontiers in Cellular Neuroscience | www.frontiersin.org 11 March 2015 | Volume 9 | Article 87
Patro et al. S100β in developing rat brain
schizophrenia are not related to a degenerative release of glial fibrillar acidic
protein, myelin basic protein and neurone-specific enolase from glia or
neurons. J. Neurol. Neurosurg. Psychiatry 77, 1284--1287. doi: 10.1136/jnnp.
2006.093427
Takahashi, T., Nowakowski, R. S., and Caviness, V. S. (1995). Early ontogeny of
the secondary proliferative population of the embryonic murine cerebral wall.
J. Neurosci. 15, 6058--6068.
Tamamaki, N., Nakamura, K., Okamoto, K., and Kaneko, T. (2001).
Radial glia is a progenitor of neocortical neurons in the developing
cerebral cortex. Neurosci. Res. 41, 51--60. doi: 10.1016/s0168-0102(01)
00259-0
Tarabykin, V., Stoykova, A., Usman, N., and Gruss, P. (2001). Cortical upper
layer neurons derive from the subventricular zone as indicated by Svet1 gene
expression. Development 128, 1983--1993.
Tramontin, A. D., García-Verdugo, J. M., Lim, D. A., and Alvarez-Buylla, A.
(2003). Postanatal development of radial glia and the ventricular zone (VZ):
a continuum of the neural stem cell compartment. Cereb. Cortex 13, 580--587.
doi: 10.1093/cercor/13.6.580
Vives, V., Alonso, G., Solal, A. C., Joubert, D., and Legraverend, C. (2003).
Visualization of S100β-positive neurons and glia in the central nervous system
of EGFP transgenic mice. J. Comp. Neurol. 457, 404--419. doi: 10.1002/cne.
10552
Voigt, T. (1989). Development of glial cells in the cerebral wall of ferrets: direct
tracing of their transformation from radial glia into astrocytes. J. Comp. Neurol.
289, 74--88. doi: 10.1002/cne.902890106
Webster, H. D., and Astrom, K. E. (2009). Gliogenesis: Historical Perspectives:
1839--1985. Berlin, Heidelberg: Springer-Verlag.
Wunderlich, M. T., Ebert, A. D., Kratz, T., Goertler, M., Jost, S., and Herrmann,
M. (1999). Early neurobehavioral outcome after stroke is related to release of
neurobiochemical markers of brain damage. Stroke 30, 1190--1195. doi: 10.
1161/01.str.30.6.1190
Zimmer, C., Tiveron, M. C., Bodmer, R., and Cremer, H. (2004). Dynamics of
Cux2 expression suggests that an early pool of SVZ precursors is fated to
become upper cortical layer neurons. Cereb. Cortex 14, 1408--1420. doi: 10.
1093/cercor/bhh102
Zimmerman, L., Lendahl, U., Cunningham, M., McKay, R., Parr, B., Gavin,
B., et al. (1994). Independent regulatory elements in the nestin gene direct
transgene expression to neural stem cells or muscle precursors. Neuron 12,
11--24. doi: 10.1016/0896-6273(94)90148-1
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Patro, Naik and Patro. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution and reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Cellular Neuroscience | www.frontiersin.org 12 March 2015 | Volume 9 | Article 87
